Introduction {#s1}
============

Dietary fat provides energy and transports fat-soluble vitamins, while its fatty acids are precursors for various hormones, serve as signaling molecules, and are critical components of cell membranes. Linoleic acid and alpha-linolenic acid are essential fatty acids and must be consumed to ensure optimal health. At the same time, ingestion of rancid fats may be toxic, resulting in acute gastrointestinal disturbances, and high intake of various fats/fatty acids increases risk of chronic disorders such as cardiovascular disease, obesity, diabetes, and cancers of the reproductive organs ([@CIT0018]; [@CIT0030]). Thus, systems to appropriately guide food choice, and fat intake in particular, would be highly adaptive. Unsurprisingly, multiple pre and postingestive cues such as mouth-coating, viscosity, emulsion stability, heat transfer, papillae density, postoral receptors have been described as contributors to oral fat detection ([@CIT0024]; [@CIT0008]; [@CIT0034]).

Most of the appealing sensory properties of dietary fats are attributable to their form as triglycerides as they contribute desirable mouthfeel characteristics. The detection and sensory impression of dietary fats are largely mediated by the somatosensory system. In contrast, nonesterified fatty acids generally have objectionable sensory properties, and a growing body of evidence indicates that this form is detected, in part, through the gustatory system (DiPatrizio 2014; [@CIT0007]; Passilly-Degrace et al. 2014; Tucker et al. 2014; [@CIT0014]). This modality is referred to as oleogustus ([@CIT0028]). However, threshold sensitivity for oleogustus is highly variable, often ranging over 4 orders of magnitude within a study ([@CIT0020]; [@CIT0033]; [@CIT0004]), and the distributions are not normally distributed ([@CIT0020]). Multiple explanations for this variability, including contributions of sex, number of taste testing occasions, adiposity, and genetics have been proposed ([@CIT0027]).

The limited evidence supporting a genetic basis for the traditionally recognized primary taste qualities of sweet, sour, salty, and bitter is highly variable. Estimates range from very low for salt ([@CIT0003]; [@CIT0038]), to moderate for sweet ([@CIT0011]) and possibly sour ([@CIT0038]), up to high for selected bitter compounds ([@CIT0012]; [@CIT0009]). The largest estimates are observed where there are marked interindividual differences; the classic example being for phenylthiocarbamide or propylthiouracil ([@CIT0012]; [@CIT0009]). In such cases, the distinct groups are classified as tasters and nontasters. Similar claims have been made for oleogustus ([@CIT0027]) supporting further study of the heritable component of this sensation. A first step in assessing the role of genetics in oleogustus is to estimate heritability through the use of family data; however, no study to-date has been large enough to provide the statistical power to do so. Therefore, our main objective was to utilize crowdsourced taste data to establish an estimate of the heritability for oleogustus.

Crowdsourcing, the practice of enlisting the help of a large population towards a task, is well suited to this purpose. It facilitates the collection of data from large samples while building ownership of science in communities. When 2 iterations of crowdsourcing are combined as we have done here, that is self-contributed data from participants (human subjects) and citizen science (which engages members of the community in the research enterprise itself), it helps to build a trust for science and scientists and a foundation of strong public support for scientific research. This evolving approach is amenable to the missions of many nontraditional research sites within communities, such as museums like the Denver Museum of Nature & Science. It enables not only access to populations that may not be routinely included in studies but also promotes partnerships between scientists and the public in pursuing scientific research. Therefore, this method was employed to not only support the scientific endeavor, but also build goodwill by empowering the public to be a part of authentic science that is relevant to their daily lives.

Materials and methods {#s2}
=====================

Participants {#s3}
------------

Data were obtained through a crowdsourced population study. Crowdsourcing engages people to "create content" (among other things) ([@CIT0010]). Crowdsourcing in the Genetics of Taste Lab at the Denver Museum of Nature & Science (Museum) consisted of 2 forms of community contribution to the scientific process. First, guests of the Museum could elect to enhance their science education experience by participating in the study as human research subjects. The second form of crowdsourcing entailed training and enabling volunteer citizen scientists to collect data from guests and support data analyses.

The study was conducted between November 2013 and August 2015 during which time a total of 1020 participants took part in some or all data collection activities. All procedures were approved by the Purdue University Institutional Review Board, and the study complied with the Declaration of Helsinki for Medical Research involving Human Subjects. Written consent was obtained for adults (≥18 year olds); children (≤17 year olds) gave both assent and had written approval obtained in person from a legal guardian present at the time of enrollment. Participants volunteered their time.

Participant demographics and data points {#s4}
----------------------------------------

Participants were able to enroll in the study in small groups of up to 6 participants with barriers between participants so that answers could not be copied. They were asked not to discuss results with each other during the study. Each participant recorded their answers to questions and ratings on a paper ballot. Participants self-reported age, sex, race, ethnicity, and genetic relatedness to other members in their group. As a control for our heredity analysis, we measured body fat percentage (BF%) by bioelectrical impedance (Tanita, Body Composition Analyzer, model TBF-215; Tanita Corp. of America, Inc.). Finally, additional health and demographic information were obtained by questionnaire.

Fatty acid taste stimuli and sensitivity {#s5}
----------------------------------------

Participants were first trained on the stimuli. While wearing nose clips, they first tasted a blank strip as a control to familiarize themselves with the vehicle. This was followed by a strip with the highest linoleic concentration to familiarize themselves with the taste of LA. This approach obviated the need for any sensation descriptor. They were instructed to focus on the difference in taste intensity between the control and the high concentration strip and to use that for ratings in the double-blinded taste tests that followed. Participants having not received descriptor language were asked to record any words that came to mind for them personally to describe the taste while ignoring texture and liking. These descriptors were used to characterize the predominant sensation quality and identify the range of responses. It is not possible to know definitively that all participants perceived the sensation quality or intensity identically, as is generally the case with subjective responses.

Taste tests were then administered double-blind. Participants were instructed to place the clear edible strip embedded with varying concentrations of LA as far back on their tongues as possible. A timer was set, and after 45 s they were asked to record their responses on a visual analog scale (100 mm). Scale anchors ranged from "Extremely Weak" to "Extremely Strong." Concentration order was randomized. The taste strips minimized visual and textural cues about the taste stimulus that might have influenced responses. The edible strips were made using a solution of pullulan-hydroxypropyl methylcellulose (HPMC) combined with a stable emulsion of 0.5% weight/volume (w/v) LA, 12% w/v gum Arabic, 0.01% w/v ethylenediaminetetraacetic acid (EDTA, an antioxidant), and 0.01% w/v *tert*-butylhydroquinone (TBHQ, an antioxidant) ([@CIT0032]; [@CIT0037]). After drying, the resulting LA concentrations were 0.0% (control/blank), 0.06% (low), 0.15% (medium), and 0.38% (high) v/v by calculation. Strips were made once a month and kept frozen until testing. To eliminate olfactory cues, the subjects wore nose clips during all taste tests.

Statistical analysis {#s6}
--------------------

Analyses were restricted to individuals of European (EUR) descent, as no other racial group was large enough to yield adequate power for estimation of heritability and association testing. Complete data were available for 643 EUR individuals for taste ratings at all 4 levels of LA concentration, sex, age, and BF%. Of this group, 289 individuals represent 106 families ranging in size from 2 to 9 (median family size = 2, quartile 3 for family size = 3). Because analyses were conducted per LA concentration level, these counts represent a minimum sample size as complete data for each covariate-adjusted taste response were used in the final analysis with sample sizes as given in [Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} for the number of families, number of related individuals in total, and the number of unrelated individuals.

###### 

Mean response differences across concentrations

  Hypothesis            Number of families/ related/unrelated   *P*-value
  --------------------- --------------------------------------- ------------
  LA 0% = LA 0.06%      145/598/339                             0.00360\*
  LA 0% = LA 0.15%      146/603/340                             5.06E−26\*
  LA 0% = LA 0.38%      149/612/331                             5.37E−23\*
  LA 0.06% = LA 0.15%   148/609/337                             4.46E−13\*
  LA 0.15% = LA 0.38%   151/619/331                             8.64E−29\*

Mean response differences were assessed for each concentration combination.

\*Significant at α \< 0.05.

###### 

Heritability estimates for oleogustus

  Trait^a^          Number of families/related/unrelated   Heritability^b^   Covariates^c^      *P*-value^d^
  ----------------- -------------------------------------- ----------------- ------------------ --------------
  LA 0.06%--LA 0%   145/598/339                            15% (0.122)       None               0.093
  LA 0.15%--LA 0%   146/603/340                            8% (0.102)        None               0.209
  LA 0.38%--LA 0%   149/612/331                            19% (0.114)       Sex (0.02)         0.043\*
  BF%               147/603/338                            31% (0.112)       Age, sex (0.365)   0.0021\*

Heritability estimates and significance were assessed for each concentration adjusting for baseline. The trait BF% is representative of a positive control of the statistical test for an estimation of heritability.

^a^LA measures are square root transformed.

^b^Narrow-sense heritability estimates (percentage) shown with the standard error of estimate in parentheses.

^c^Covariates are shown with the proportion of variance due to that factor in parentheses.

^d^ *P*-value represented as a test of the null hypothesis (H~0~: $h^{2}~ = ~0$).

\*Significant at α \< 0.05.

The variance component model used requires an assumption of multivariate normality ([@CIT0002]). Hence, to ensure that our conclusions would be valid, we first analyzed the distribution of the responses. The responses at all concentration levels had right skewed distributions; the square root transformation is a common procedure for reducing right skewness and was applied. All analyses are reported based on the square root scale unless otherwise specified; responses were scaled as a difference from the control/blank, and the pedigree structure reported by the participants was used. Backward selection was utilized to determine adjustment of covariates (sex, age, and BF%) with α = 0.05. Following covariate selection, the full likelihood model is given as follows. Let the response for the LA concentration level under study be denoted by $Y$ with model for a single individual given as $Y~ = ~\mu + X^{\prime}\beta + G + \epsilon$, where $\mu$ is the population mean, $X$ is a vector of covariates for the individual, $\beta$ is the vector of regression coefficients for the covariates, $G$ is the genetic component of $Y$, and $\epsilon$ represents residual error. Responses are modeled as a multivariate normal distribution for each family with covariance matrix $\Omega~ = ~\sigma_{P}^{2}\left( {2\Phi h^{2}~ + Ie^{2}} \right)$, where $\Phi$ is the matrix of expected kinship coefficients, $\sigma_{P}^{2}$ is the variance of $Y$ after subtracting the population mean and covariate effects, $h^{2}$ is narrow-sense heritability after covariate adjustment, $I$ is the identify matrix, and $e^{2}$ is the proportion of variance due to residual error beyond the effects of covariates. A likelihood ratio test was applied to test whether the mean difference in response from control/blank was significantly different from zero---this corresponds to a test of $\mu~ = ~0$ and uses a Chi-squared distribution with 1 degree of freedom. Maximum likelihood estimation was used for narrow-sense heritability, and a test of the null hypothesis of *h*^2^ = 0 was conducted using a likelihood ratio statistic. Here, significance is based on a 0.5:0.5 mixture of a Chi-squared distribution with 1 degree of freedom and a point mass at 0. Analyses were conducted in the SOLAR \[Sequential Oligogenic Linkage Analysis Routines\] software package ([@CIT0002]). Throughout, statistical significance was assessed at a type 1 error of 0.05 as this was an initial/exploratory study.

Results {#s7}
=======

Taste sensitivity analysis {#s8}
--------------------------

Intensity scores for the control strip (0.0%) and the 3 concentrations of LA (0.06%, 0.15%, and 0.38%) transformed by their square root are presented in [Figure 1](#F1){ref-type="fig"}. The mean response differed for consecutive levels of LA and from each concentration level from baseline ([Figure 2](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Finally, some people respond to the blank vehicle. To account for this response, we examined the difference from each concentration to the next when subtracting the response to baseline. We find that the distribution of the difference from the baseline taste response (0.0%) increases as the concentration of the LA increases, revealing participants understood and were capable of performing the sensory assessment specifically for the taste of LA ([Figure 3](#F3){ref-type="fig"}).

![Histogram of LA intensity scores. Histograms of the raw scores (transformed by square root) for each concentration of LA. The X-axis (range from 0 to 12) represents the square root of the raw taste intensity score at the indicated concentration of LA. The Y-axis plots the number of participants at each intensity score. (A) Control strip (0.0% LA); (B) Low concentration (0.06% LA); (C) Medium concentration (0.15% LA); and (D) High concentration (0.38% LA).](bjx05801){#F1}

![Box plot of LA intensity scores. Box and whisker plot showing quartiles of raw intensity scores (transformed by square root). The median is represented by the middle line within each box with the second quartile the lower segment of the box and the third quartile the upper segment of the box. The whiskers of the plot represent the lower quartile (bottom whisker) and the upper quartile (top whisker). There were significant differences observed between each concentration tested as represented by \*.](bjx05802){#F2}

![Significant differences in taste response from baseline. Box and whisker plot of matched data. Box and whisker plot showing quartiles of raw intensity scores (transformed by square root). The median is represented by the middle line within each box with the second quartile the lower segment of the box and the third quartile the upper segment of the box. The whiskers of the plot represent the lower quartile (bottom whisker) and the upper quartile (top whisker). There were significant differences observed between each concentration tested when accounting for baseline response to the control (0.0%LA). Heritability analyses correlate similarity in the response between relatives with the degree of their relationship.](bjx05803){#F3}

Hereditary analysis {#s9}
-------------------

Example pedigrees are presented in [Figure 4](#F4){ref-type="fig"} representing small and large collected families. Genetically related family members are plotted along with their difference in taste response at LA 0.38% from baseline (0.0%). Estimated heritability was statistically significant only at the highest concentration ([Table 1](#T1){ref-type="table"}) with 19% of the variability being heritable, after adjustment of biological sex as a significant covariate (*P* = 0.043).

![Example pedigrees. Example pedigrees from the dataset are plotted along with their difference in taste response at LA 0.38% from the baseline level of LA 0%. Squares represent male relatives, circles represent female relatives. The score below each family member represents their difference in their taste score from the high concentration of LA (0.38%) from the control (0.0%) NA indicates the relative was not present for testing.](bjx05804){#F4}

Discussion {#s10}
==========

Given that the concept of fat taste has only recently gained acceptance, most work has focused on determining its validity rather than the heritable and environmental determinants of its expression. Reviews of the animal literature reveal a probable heritable component of fat preference and intake, but there is marked species variability ([@CIT0025]; [@CIT0026]). The suitability of rodents as models for human oleogustus is uncertain as rodents and humans differ in lingual lipase secretion ([@CIT0013]; [@CIT0017]) and nonesterified fatty acid preference ([@CIT0021]). There is a body of evidence indicating an association between a heritable component for fat preference and intake in humans that ranges from no association to *r* = 0.48 ([@CIT0025]). However, to our knowledge, the present data are the only estimate of the heritability of fat taste, or more specifically, LA intensity ratings in humans. These data reveal that 19% of the variance in LA taste intensity rating compared with baseline is heritable at the highest concentration tested.

High variability decreases levels of heritability. Therefore, we attribute the lack of a consistent level of heritability at each concentration to the higher variability associated with ratings for the 2 lower LA concentrations compared with the high concentration. It is also plausible that different receptors are recruited at varying concentrations ([@CIT0001]) and that heritability may vary with receptor type activity. For example, *CD36* is rapidly down-regulated in mice with exposure to high fat stimuli whereas *FFAR4* (*GPR120*) is more stable ([@CIT0019]). Thus, *CD36* may be more active at low/medium fatty acid concentrations ([@CIT0022]) and *FFAR4* (*GPR120*) at higher concentrations. Additionally, we cannot exclude the possibility that the quality changes with concentration, and the heritability is stronger for the quality associated with the high concentration. It is clear that the quality changes with fatty acid chain length where it is sour for short-chain fatty acids and shifts to oleogustus for long-chain fatty acids ([@CIT0028]; [@CIT0029]). Finally, our heritability estimate is modest (19%). This was not unexpected and may be attributable to the crowdsourcing methodology and use of a convenience sample. As heritability is the proportion of total variation in a characteristic that is attributed to genetics, the larger the experimental and environmental variation, the more noise introduced in the analysis and the smaller the resulting heritability estimate. So, while the heredity pattern was not consistent across all concentrations tested, we do not believe this to reflect a false positive at the highest level of LA tested.

In addition to these considerations, it is of note that similarly conservative findings have been reported for heritability estimates of other tastes. For example, current best estimates from studies of humans hold that approximately 30% of the variance in sweet taste intensity is genetically determined, and this holds equally for nutritive (glucose, fructose) and low-calorie sweeteners (aspartame, neohesperidine dihydrochalcone) ([@CIT0011]). The similarity of estimates across these sweeteners suggests a common set of genes underlie the sensation of sweetness despite evidence that there is more than 1 sweet taste transduction mechanism ([@CIT0005]). Shared environmental influences on sweet intensity ratings are weak ([@CIT0011]). Salt (NaCl) detection and recognition thresholds do not appear to have a heritable component, but there is a substantive environmental influence ([@CIT0003]; [@CIT0038]). Up to 50% of the variance in sour (citric acid) recognition thresholds may have a genetic basis ([@CIT0038]). In contrast, no heritable component has been reported for hydrochloric acid detection threshold ([@CIT0012]). Whether this discrepancy is due to the stimulus (e.g., weak versus strong acid), transduction mechanism, or taste dimension (detection versus recognition threshold) is not known. The heritable component for intensity ratings of selected bitter compounds ranges from very high (phenylthiocarbamide (71%) and propylthiouracil (72%) of phenotypic variance) to moderate (sucrose octaacetate (28%); quinine (34%), caffeine (30%)) ([@CIT0009]; [@CIT0015]). Environmental contributions are weak, ranging from 7% to 22% of the variance ([@CIT0009]). Correlations between intensity ratings for these bitter compounds (*r* = 0.12--0.56) are consistent with different transduction mechanisms ([@CIT0009]; [@CIT0015]). Based on twin studies, the genetic basis for detection thresholds for quinine range from 11% ([@CIT0016]) to 85% ([@CIT0031]). It is known that there is variation in sensory perception to monosodium glutamate, but the heritable component has not been determined ([@CIT0026]). Thus, the present findings on oleogustus fall within the range of other tested taste qualities.

Several caveats warrant mention. First, as previously mentioned, variability in responses reduces the proportion of variance that may be identified from other sources (e.g., genetics, environment). Thus, the current estimate is likely to be conservative. Related to this, the degree of experimental control in a crowdsourcing approach to data collection is not comparable to that possible under tightly controlled laboratory studies. This will add to the variance of the responses but would not be expected to bias findings towards observing a heritable effect for LA taste intensity. Therefore, the data provided are regarded as suggestive, rather than confirmatory, of a genetic contribution to oleogustus and its magnitude. Second, in order to account for any genetic contribution to ratings of the vehicle used to deliver the LA stimuli, we analyzed the data using the difference between ratings for each concentration and the control strip (0% LA). Third, given the large array of dietary fatty acids that vary in degree of saturation and chain length, it is possible, if not likely, that values for 1 are not valid indicators for all. Preliminary evidence indicates fatty acids varying in chain length differ in perceived quality and intensity ([@CIT0028]), and therefore may differ in the gene(s) responsible for detection of fat taste. Finally, the present methodologic approach of crowdsourcing did not permit assessment of the reliability of the sensory ratings; however, the one study that has performed repeated measures of fat taste intensity observed responses to be significantly correlated ([@CIT0020]). In addition, prior controlled studies of oleogustus reveal that, similar to work with other taste qualities, there is a reduction of threshold with repeated testing over several trials followed by a stable level of performance ([@CIT0027]; [@CIT0035]; [@CIT0036]).

Conclusion {#s11}
==========

Here, we report data providing an initial estimate of a genetic contribution for the oral fat sensation, oleogustus. First, we show that intensity ratings grow monotonically with gradations of LA concentration. Second, we obtained evidence supporting a heritable contribution (\~19%) for the intensity rating of the highest LA concentration versus a control.
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